Adderley SP, Lawrence C, Madonia E, Olubadewo JO, Breslin JW. Histamine activates p38 MAP kinase and alters local lamellipodia dynamics, reducing endothelial barrier integrity and eliciting central movement of actin fibers. Am J Physiol Cell Physiol 309: C51-C59, 2015. First published May 6, 2015; doi:10.1152/ajpcell.00096.2015.-The role of the actin cytoskeleton in endothelial barrier function has been debated for nearly four decades. Our previous investigation revealed spontaneous local lamellipodia in confluent endothelial monolayers that appear to increase overlap at intercellular junctions. We tested the hypothesis that the barrier-disrupting agent histamine would reduce local lamellipodia protrusions and investigated the potential involvement of p38 mitogen-activated protein (MAP) kinase activation and actin stress fiber formation. Confluent monolayers of human umbilical vein endothelial cells (HUVEC) expressing green fluorescent protein-actin were studied using time-lapse fluorescence microscopy. The protrusion and withdrawal characteristics of local lamellipodia were assessed before and after addition of histamine. Changes in barrier function were determined using electrical cell-substrate impedance sensing. Histamine initially decreased barrier function, lamellipodia protrusion frequency, and lamellipodia protrusion distance. A longer time for lamellipodia withdrawal and reduced withdrawal distance and velocity accompanied barrier recovery. After barrier recovery, a significant number of cortical fibers migrated centrally, eventually resembling actin stress fibers. The p38 MAP kinase inhibitor SB203580 attenuated the histamine-induced decreases in barrier function and lamellipodia protrusion frequency. SB203580 also inhibited the histamineinduced decreases in withdrawal distance and velocity, and the subsequent actin fiber migration. These data suggest that histamine can reduce local lamellipodia protrusion activity through activation of p38 MAP kinase. The findings also suggest that local lamellipodia have a role in maintaining endothelial barrier integrity. Furthermore, we provide evidence that actin stress fiber formation may be a reaction to, rather than a cause of, reduced endothelial barrier integrity. endothelial permeability; actin cables; inflammation; lamellipodia; p38 MAPK THE ENDOTHELIUM PLAYS A CRITICAL role in cardiovascular function, containing a relatively high-pressure closed-loop circulation while also permitting diffusive exchange between the blood and tissues through the capillaries and postcapillary venules. The mechanisms that control the permeability of microvessels, which permit significant leakage of plasma proteins during inflammation, have been debated for nearly a century (15). Evidence collected over the past few decades has highlighted the active role of endothelial cells in response to inflammatory stimuli, including remodeling of the actin cytoskeleton (26, 42, 45) . One of the current prevailing theories from this line of investigation has been that endothelial cells adopt a contractile state during inflammation, which favors opening of junctions between cells, permitting increased paracellular flux of fluids and solutes (32, 33).
highlighted the active role of endothelial cells in response to inflammatory stimuli, including remodeling of the actin cytoskeleton (26, 42, 45) . One of the current prevailing theories from this line of investigation has been that endothelial cells adopt a contractile state during inflammation, which favors opening of junctions between cells, permitting increased paracellular flux of fluids and solutes (32, 33) .
The contractile theory is supported by evidence that certain agents that elevate permeability also cause the development of centripetal tension generated by the actin cytoskeleton, which can place stress on the junctions and limit their strength (26, 29) . Several inflammatory mediators also promote development of actin stress fibers in endothelial cells (7, 32) . Actinmediated contraction in endothelial cells is promoted by phosphorylation of myosin regulatory light chains (MLC) on Thr-18/Ser-19, which is determined by the activities of MLC kinase (MLCK) and MLC phosphatase (MLCP). Inhibition of MLCK attenuates hyperpermeability caused by activated neutrophils (46) , histamine (34) , and ethanol (21) , and shortens the time course of the thrombin-induced barrier dysfunction (29) in cultured endothelial cell monolayers. Inhibition of Rho kinase (ROCK), an upstream regulator of MLCP (7, 32) , also attenuates hyperpermeability caused by activated neutrophils (11) , thrombin (13, 38, 43) , histamine (43) , and vascular endothelial growth factor (35) in endothelial cell monolayer models. Inhibition of MLCK or ROCK also decreases actin stress fiber formation, typically observed in fixed cells by labeling F-actin with a fluorochrome-bound phalloidin (5, 6, 10, 11, 13, 19, 34, 35, 38, 43, 46) . However, there is also evidence of histamine-induced increases in microvascular permeability that do not quite fit this paradigm. Histamine increases the permeability of postcapillary venules in the absence of actin stress fiber formation in endothelial cells (4) . Interestingly, it was also noted that actin stress fibers did form after permeability had returned to normal (4) . It was also apparent in early studies with cultured endothelial cells that histamine did not cause actin stress fiber formation within the time frame of elevated permeability in cultured endothelial cells. Rather, histamine decreased actin cables, which was postulated to be a cause of histamineinduced permeability of the endothelium (42) . Likewise, histamine caused only mild phosphorylation of MLC compared with thrombin, and did not elicit an increase in the isometric tension of cultured endothelial cell monolayers (27) (28) (29) . These findings indicate the importance of contraction-independent mechanisms in the control of the endothelial barrier (27, 43) .
Recent work has highlighted the importance of cortical actin for maintaining endothelial barrier integrity (7, 33) . The small GTPase Rac1 promotes cortical actin structures, thus stabilizing intercellular junctions (1, 40, 41) , and RhoA activation localized to the cell periphery promotes barrier integrity (36) . To better understand the dynamics of the actin cytoskeleton, we recently used time-lapse imaging of endothelial cells expressing green fluorescent protein (GFP)-actin. We discovered that endothelial cells had frequent, brief protrusions of the plasma membrane localized at intercellular junctions, termed local lamellipodia, which were reduced during increases in endothelial permeability and restored during the restoration of barrier function (12, 17) . The local lamellipodia were dependent upon myosin II activity, and decreases in their protrusion frequency correlated with reduced Rac1 activity (12) . These findings are relevant because maintenance of an optimal distance of the junctional cleft between endothelial cells is important for the normal permeability of postcapillary venules (14) . Our previous study provided evidence that local lamellipodia may contribute to the maintenance of endothelial junctions. However, that study was limited to an investigation of thrombin and sphingosine-1-phosphate (S1P), and it remains unclear whether additional agents that alter microvascular permeability impact this mechanism.
To investigate the mechanism of action of histamine, we assessed the dynamic changes it induces in the actin cytoskeleton. We present evidence that histamine briefly reduced local lamellipodia formation. On the basis of our previous studies showing the importance of the p38 mitogen-activated protein (MAP) kinase in histamine-induced disruption of endothelial barrier integrity, we also determined the extent to which inhibition of p38 MAP kinase affects both histamine-induced changes in barrier function and lamellipodia protrusion/withdrawal. In addition, we developed a new understanding of the spatial mechanisms of stress fiber formation caused by histamine.
MATERIALS AND METHODS
Cell culture and transfection. Human umbilical vein endothelial cells (HUVEC), endothelial growth medium (EGM2MV), and endothelial basal medium (EBM2) were obtained from Lonza (Basel, Switzerland). HUVEC were used at passages 2-5. The cells were transfected with plasmids encoding GFP-␤-actin (generously provided by Dr. Wayne Orr, Louisiana State University Health Sciences Center, Shreveport, LA) using the Nucleofector II system (Lonza) under similar conditions as previously described (16, 17) . Briefly, cells grown to 80% confluence were trypsinized and pelleted, and 5 ϫ 10 5 cells were mixed with 0.2 g of pCMV-GFP-␤-actin and 100 l of Nucleofector solution in a Nucleofection cuvette. Program A-34 on the Nucleofector II was used, and immediately after, 500 l of warm EGM2MV was added and the cells were allowed to recover for 15 min at 37°C. The cells were then seeded onto gelatin-coated 35 ϫ 22-mm glass no. 1 coverslips (Thermo Fisher Scientific, Waltham, MA) or MatTek 35-mm no. 1 glass-bottom plates (MatTek, Ashland, MA) for time-lapse imaging studies. The cells were used for experiments ϳ24 h after transfection.
Time-lapse fluorescence microscopy protocols. Experiments were performed with either a Nikon Eclipse TE-2000U inverted microscope, or an ASI RAMM inverted microscope system as detailed in our previous publications (16, 17) . Briefly, the cell-covered coverslips or MatTek dishes were combined with open perfusion chamber inserts that were placed on a heated stage (Warner Instruments, Hamden, CT). The cells were bathed with 37°C physiological salt solution from a gravity reservoir at ϳ0.5 ml/min. A confluent area of cells, with some of the cells expressing GFP-fusion protein of interest, was chosen for study. Optimal cells had sufficient expression to obtain good resolution of GFP-actin-containing structures. Areas with very high expression, which decreased resolution, were avoided. After a 30-min stabilization period, initial brightfield and fluorescent images (492 excitation, 510 emission) were obtained using a ϫ40 objective and Nikon Elements software on the Nikon system, or Micromanager software (18) on the ASI system. Time-lapse image sets were acquired to assess movement of GFP-actin in live cells, with 0.5-or 1-s exposures every 15 s for the duration of the time course. After a 20-min baseline period, histamine was added to both the bath and reservoir at a final concentration of 10 M (20, 29, 44) and was not washed out for the remainder of the experiment (an additional 30 min). In another set of experiments, cells were pretreated for 20 min with the p38 MAP kinase inhibitor SB203580 at a concentration of 6 M (24, 39) before the addition of histamine.
Time-lapse image analysis. Analysis of local lamellipodia characteristics and stress fiber formation were performed in a similar fashion as in our previous publication (17) . Briefly, time-lapse image stacks obtained in Nikon ND2 format were exported as TIF files for analysis, and image stacks obtained with MicroManager were obtained as TIF files. All analyses were performed using Fiji/ImageJ software. Brightness and contrast were adjusted for easier display without altering original pixel intensity data. To assess the dynamics of local lamellipodia over time, each lamellipodia event was marked using a region of interest (ROI) within the time stack. The time and location of each event was exported into an Excel spreadsheet, and protrusion frequency (PF) was determined as the number of protrusions every 5 min, normalized per 100 m of the cell's perimeter. To assess the protrusion characteristics, kymographs of single-pixel lines over time, perpendicular to the edges of cells, were generated. In the kymographs, line ROIs were drawn, and bounding rectangle data were used to determine the protrusion distance (PD, m), protrusion persistence (PP, min), protrusion velocity (PV, m/min), withdrawal distance (WD, m), withdrawal time (WT, min), and withdrawal velocity (WV, m/min) of local lamellipodia.
Dynamics of actin stress fibers were also assessed using kymograph analysis. For this analysis, a line was drawn across the entire width of a cell. A kymograph was generated from each line in which the x-axis represented distance and the y-axis represented time. Lines formed by the presence of stress fibers were identified and annotated with ROIs, and the ImageJ Measure function was used to obtain bounding rectangle data. The lateral velocity of the actin fibers was calculated as distance/time, with movements toward the cell center assigned a positive value and movements toward the periphery assigned a negative value. The number of actin fibers within the kymograph during each time point was also obtained from these data.
Video files (AVI format) were generated from the time-lapse images using FIJI/ImageJ software using JPEG compression. Brightness and contrast were adjusted to optimize view of the structures containing GFP-actin. To reduce file size, every other frame was removed from the time-lapse stack so that the interval between frames was increased to 0.5 s.
Determination of barrier function. An Electrical Cell-Substrate Impedance Sensor (ECIS) Z⌰ System (Applied Biophysics, Troy, NY) was used for barrier function measurements as previously described (8, 16) . Briefly, the cells were seeded at a density of 1.5 ϫ 10 5 cells per well in gelatin-coated ECIS 8W1E arrays, and allowed to attach and form a confluent monolayer overnight. Each well within the array contains a single, small gold measuring electrode (250 m diameter) and a large counter electrode. A 1-V, AC signal at 4 kHz was applied from an approximate constant current source (Ͻ1 A). The ECIS instrument measured the voltage across the electrodes and its phase relative to the applied current, providing total impedance. Treating each cell-covered electrode as a series resistor-capacitor circuit, the impedance data was converted to transendothelial electri-cal resistance (TER) and capacitance of the cell monolayer, which represent barrier function and membrane capacitance, respectively. After the overnight "attach" period, the medium was changed to EBM, and the cells were allowed to stabilize for about 2 h to produce a steady baseline before the addition of histamine [10 M (20, 29, 44) ]. In some experiments, the cells were pretreated for 20 min with various MAP kinase inhibitors before the addition of histamine. These included the p38 MAP kinase inhibitor SB203580 [6 M (24, 39) ] and MEK-1/2 inhibitors PD98059 [10 M (9, 44)] and U01226 [5 M (44) ].
Western blot analysis. HUVEC were grown in 100-mm culture dishes to confluence. The day before protein collection, the medium was changed to EBM to reduce any phosphorylation of proteins due to growth factors present in the EGM2MV. After experimental treatments that were identical to those outlined in the previous section, protein was obtained by lysis of cells in ice-cold RIPA buffer (EMD Millipore, Billerica, MA) containing 1ϫ HALT protease and phosphatase inhibitor cocktail (Pierce, Rockford, IL) for 15 min. Protein concentrations were determined with the Bradford assay, and equilibrated protein samples in 1ϫ Novex Tris-Glycine SDS running buffer (Life Technologies, Carlsbad, CA) were loaded into Criterion 18-well 4 -20% gels (Bio-Rad, Hercules, CA) and separated by SDS-PAGE. Proteins were electrically transferred from the gels to nitrocellulose for immunoblotting. Primary and secondary antibodies were diluted in RapidBlock Solution (Amresco, Solon, OH). The following primary antibodies were obtained from Cell Signaling Technology (Danvers, MA) and all were used at a dilution of 1:1,000: rabbit anti-phosphop38 MAP kinase-Thr180/Tyr182 (catalog no. 9211); rabbit anti-p38 MAP kinase (catalog no. 9212); mouse anti-ERK-1/2-Thr202/Tyr204 (catalog no. 9106); and rabbit anti-ERK-1/2 (catalog no. 9102).
Secondary antibodies used were donkey 1:5,000 anti-rabbit IgG-HRP (catalog no. sc-2313; Santa Cruz Biotechnology, Santa Cruz, CA) or 1:5,000 donkey anti-mouse IgG-HRP (catalog no. ab97030; AbCam, Cambridge, UK). Precision Protein StrepTactin-HRP (catalog no. 161-0381; Bio-Rad, Hercules, CA; 1:5,000 dilution) was included with the secondary antibodies to allow visualization of molecular weight bands in the lane loaded with Precision Plus WesternC Standards (catalog no. 161-0376; Bio-Rad). Bands were visualized by chemiluminescence with SuperSignal West Femto Maximum Sensitivity Chemiluminescent Substrate (Thermo Fisher Scientific) in a GelLogic 2200 Pro Imaging System (Carestream Health, Rochester, NY). Blots were stripped with Restore Western Blot Stripping Buffer (Thermo Fisher Scientific) and reprobed with 1:1,000 mouse antiglyceraldehyde-3-phosphate dehydrogenase (GAPDH) clone 0411 (catalog no. sc-47724; Santa Cruz Biotechnology) and the aforementioned donkey anti-mouse IgG-HRP secondary antibody to verify equivalent loading of samples. For GAPDH Western blots, the SuperSignal West Pico Chemiluminsecent Substrate (Thermo Fisher Scientific) was used to visualize bands.
Data analysis. Quantitative data are presented as means Ϯ SE. For time-lapse imaging studies, nine cells were studied from three to four separate experiments. To analyze these data, a two-way (nested) repeated-measures ANOVA was used to account for potential variability between both separate experiments and individual cells. When significance due to experimental treatments (over time) were observed, comparisons of individual time points to control (baseline) were performed using a Dunnett's test. For the ECIS experiments, ANOVA was used to compare the maximal change in TER between the four groups, followed by a Dunnett's test when appropriate to compare individual groups with the control. Significance was accepted at P Ͻ 0.05.
RESULTS
Histamine alters the protrusion and withdrawal of endothelial local lamellipodia. Dynamics of actin fibers before and after histamine challenge were studied using live cell imaging of GFP-actin in confluent HUVEC monolayers. Cells were typically stationary but displayed an ongoing formation and withdrawal of actin-rich protrusions, mainly local lamellipodia around the entire perimeter of most cells (Fig. 1A and Supplemental Video S1; supplemental material for this article is available online at the Journal website). When histamine was added to the cells, there was a significant decrease in protrusion frequency and protrusion distance at 5 and 10 min (Fig. 1B) , but there was no significant impact on protrusion persistence or protrusion velocity. In addition, histamine significantly increased the lamellipodia withdrawal time at 5 min, decreased withdrawal distance at 10 min, and reduced withdrawal velocity throughout the duration of histamine (Fig. 1C) . The percentage of protrusions with a withdrawal time over 5 min was significantly elevated in the 30-min period after histamine was added, compared with baseline (Fig. 1C) . These data indicate that within 5 min, histamine disrupts the normal protrusion of normal local lamellipodia at junctions in confluent endothelial cell monolayers. However, a compensation for the reduced protrusions is that those local lamellipodia that do happen to form after the addition of histamine tend to withdraw much more slowly. This rapid response occurs within the time frame when histamine typically disrupts the endothelial barrier in HUVEC (2, 20, 27) .
Histamine causes delayed, central movement of cortical actin fibers. Many previous studies have reported actin stress fiber formation in endothelial cells after treatment with inflammatory mediators (5, 6, 11, 19) . We observed that histamine caused cortical actin fibers near the edges of cells to migrate toward the center, after which they resembled actin stress fibers (documented in Supplemental Video S1 and summarized in Fig. 2 ). This process, visualized by kymograph analysis (Fig.  2A, arrowheads) , revealed that histamine significantly increased the lateral velocity of these actin fibers toward the center of the cell (Fig. 2B) and also the number of actin stress fibers (Fig. 2C) . However, these events occurred much later than the disruption of lamellipodia formation (Fig. 1) . In addition, this elevated number of actin fibers occurred after the reported histamine-induced increases in permeability have already recovered to baseline (2, 27) . Thus the central movement of cortical actin fibers to form structures resembling actin stress fibers does not appear to be important for histamine-induced endothelial hyperpermeability.
The p38 MAP kinase, but not ERK-1/2, mediates histamineinduced disruption of endothelial barrier integrity.
We recently demonstrated the importance of p38 MAP kinase for histamine-induced endothelial barrier dysfunction in both HUVEC and microvascular endothelial cell monolayers (2). In the current study we expanded this investigation and included the MAP kinase ERK-1/2. Histamine increased phosphorylation of both ERK and p38 (Fig. 3A) . Pretreatment with the p38 MAP kinase inhibitor SB203580 did not significantly affect the histamine-induced phosphorylation of p38 MAP kinase or ERK-1/2 (Fig. 3A) . This was expected because SB203580 does not impact phosphorylation of ERK-1/2, and its inhibitory mechanism for p38 MAP kinase is directed against the ATPbinding pocket to inhibit catalytic activity of the p38 MAP kinase without affecting phosphorylation by upstream kinases (23) . In contrast, inhibitors of MEK-1/2 (PD98059 and U0126), the upstream activator of ERK-1/2, blunted phosphorylation of ERK-1/2 and also reduced phosphorylation of the p38 MAP kinase (Fig. 3A) . VEGF was used as a positive control for MAP kinase phosphorylation, and GAPDH served as a loading control.
Next, we tested the impact of pretreatment with the same inhibitors on histamine-induced barrier disruption of HUVEC monolayers (Fig. 3, B and C) . Histamine caused a brief drop in endothelial barrier function in a similar fashion as previously reported (2, 27) , and this was partially inhibited with the p38 MAP kinase inhibitor SB203580. However, both of the MEK-1/2 inhibitors, PD98059 and U0126, failed to significantly affect the histamine-induced disruption of endothelial barrier integrity (Fig. 3, B and C) . These data suggest that although histamine can activate both the p38 and ERK-1/2 pathways, only the p38 MAP kinase contributes histamine-induced disruption of the endothelial barrier.
Inhibition of p38 MAP kinase reduces the impact of histamine on local lamellipodia. Pretreatment with the p38 MAP kinase inhibitor SB203580 did not significantly alter protrusion or withdrawal characteristics of local lamellipodia from baseline, but it blocked several effects of histamine on protrusion and withdrawal (Fig. 4) . Whereas histamine alone (Fig. 1) could significantly reduce both protrusion frequency and distance, in the presence of SB203580, only the histamine-induced decrease in protrusion distance was significant (Fig. 4A) . In addition, the histamine-induced changes in lamellipodia withdrawal characteristics shown in Fig. 1 failed to occur in the presence of SB203580 (Fig. 4B) . When the maximum changes in the various lamellipodia characteristics were directly compared between cells treated with histamine alone versus SB203580 plus histamine, there was a significant difference in the histamine-induced decrease in protrusion frequency. SB203580 pretreatment also significantly inhibited histamine-induced decreases in withdrawal distance, withdrawal time, and withdrawal velocity (Fig. 4C) . The data indicate that inhibition of the p38 MAP kinase reduces the impact of histamine on local lamellipodia protrusion and withdrawal.
Inhibition of p38 MAP kinase reduces histamine-induced actin stress fiber formation. Blockade of p38 MAP kinase activity with SB203580 had no impact on the baseline number of actin fibers or their lateral velocity (Fig. 5) . Upon addition of histamine, the SB203580-pretreated cells showed no significant change in the lateral velocity of fibers, but did display a significant increase or number of fibers at the 25-and 30-min time points (Fig. 5A) . By comparing the cells treated with histamine alone versus the cells pretreated with SB203580 before histamine, we found no significant difference in the maximum change in the lateral velocity of the actin fibers. However, it is worth noting that the mean change in direction was reversed, so there was no net central movement (Fig. 5A) . The maximum change in number of actin fibers was significantly reduced in the presence of SB203580 (Fig. 5B) . The data indicate that inhibition of p38 MAP kinase markedly reduces histamine-induced actin stress fiber formation.
DISCUSSION
Our study demonstrates that histamine reduces local lamellipodia protrusion activity in endothelial cells, and that p38 MAP kinase plays a key role in this process. This event occurs rapidly, during the time when histamine reduces endothelial barrier integrity. We were surprised to find that the endothelial cell cortical actin belt is a highly dynamic, fluid structure that gave rise to what appear to be actin stress fibers in response to histamine after the endothelial barrier had recovered. In combination, these findings support the novel idea that local lamellipodia have a role in maintaining endothelial barrier integrity (12, 31) , in contrast to the popular notion that barrier function is supported primarily by cortical actin fiber stabilization (33) .
We recently demonstrated that thrombin, which causes an even stronger and longer lasting disruption of endothelial monolayer barrier integrity, also rapidly and significantly decreases local lamellipodia protrusions (12, 17) . In contrast, the bioactive lipid sphingosine-1-phosphate (S1P), which tightens the endothelial barrier, causes a corresponding increase in local lamellipodia. The previous study also identified that blockade of either Rac1 reduces local lamellipodia protrusions, concomitant with increases in endothelial permeability. Another key finding in the previous study was that the myosin II inhibitor blebbistatin could specifically inhibit protrusions of lamellipodia without affecting other visible structures containing actin. Blebbistatin also caused increases in permeability of both endothelial cell monolayers and intact venules in the time frame immediately after lamellipodia protrusion frequency began to decrease (12) . An interesting finding with the current study was that the duration of the decreased protrusion fre- quency caused by histamine persisted longer than histamineinduced endothelial barrier dysfunction. This was different from our previous findings with thrombin, in which protrusion frequency returned to near baseline levels during the time when barrier function began to recover (12) . This finding suggests that barrier restoration does not necessarily require resumption of the baseline protrusion frequency of local lamellipodia. Notably, histamine also slowed the withdrawal velocity, which means that any ground gained by the protrusion remained covered for a longer amount of time. This would help maintain contact or overlap with an adjacent cell, and may explain the ability of barrier function to recover in the presence of diminished local lamellipodia formation. It is also possible that local lamellipodia may be selectively stimulated to patch disrupted junctions. This concept is supported by elegant work from Martinelli and colleagues (25) who demonstrated that selective, mechanical wounding of endothelial junctions, or even microwounds of cell membrane away from junctions, could elicit local lamellipodia to fill the gaps.
Whereas several inflammatory mediators elicit increased actin stress fiber formation in conjunction with elevated endothelial permeability, it has been known for some time that this is not the case with histamine. Early studies utilizing cultured endothelial cells even showed that histamine decreased the number F-actin cables present, and that stabilizing F-actin with phalloidin prevented histamine-induced increases in permeability (3, 42) . Actin stress fiber formation was detected in the endothelial cells of postcapillary venules after histamine treatment. However, this was at a later stage, after the peak increase in permeability, and was associated with decreased leakiness (37) . Our findings are in agreement with these data obtained from intact microvessels despite some very different aspects of the two models; for example, the little or no fluid flow present in our culture model. In addition, our observation that histamine causes an increased lateral migration of cortical actin fibers to the central regions of endothelial cells provides the first identification of a possible mechanism of histamine-induced actin stress fiber formation. Three mechanisms or subtypes of actin stress fibers have been described from studies of cells migrating on two-dimensional surfaces: ventral fibers, dorsal fibers, and transverse arcs (22, 30) . The histamineinduced lateral movement of cortical actin fibers toward the center of the endothelial cells is reminiscent of the transverse arc subtype. Another important new finding from our study is that selective blockade of the p38 MAP kinase limits the impact of histamine on local lamellipodia. Additional evidence that local lamellipodia are important in endothelial barrier maintenance is found in the fact that p38 MAP kinase inhibitor simultaneously attenuates both histamine-induced disruption of endothelial barrier function and protrusion frequency of local lamellipodia. In addition, the histamine-induced migration of cortical actin cables resembling transverse arc stress fibers was also inhibited by blockade of p38 MAP kinase.
A combination of findings leads us to question the prevailing view about why actin stress fiber often accompanies endothelial barrier dysfunction. 1) Actin stress fibers do not form during histamine-induced increases in endothelial permeability, yet structures resembling actin stress fibers do form after recovery (4, 42) . 2) Formation of these actin fibers appeared during recovery in our previous study with thrombin (12) . 3) Experimentally stimulating actin stress fiber assembly with phalloidin in endothelial cells enhances endothelial barrier function (3). We conclude that actin stress fiber is not a stimulus of barrier disruption but is more likely a compensation mechanism to preserve barrier integrity.
In summary, we propose that local lamellipodia normally contribute to endothelial barrier integrity, and that disruption of these protrusions contributes to elevated microvascular permeability. In this paradigm, local lamellipodia contribute to maintaining the paracellular diffusion distance of the intercellular junctional cleft, keeping permeability to macromolecules relatively low. In addition, this model presumes that actin stress fibers and cortical actin fibers, which are both long, relatively thick and rigid actin cables, help preserve the thin shape of endothelial cells (and flat shape on two-dimensional surfaces). One key future area of study will be determining how local lamellipodia interact with other aspects of the endothelial barrier, such as adhesion proteins at junctions, and the glycocalyx. In addition, this study warrants additional investigation of the molecular mechanisms that govern lamellipodia protrusion and withdrawal.
